Abstract. Madin-Darby canine kidney (MDCK) epithelial cells exhibit a polarized distribution of membrane proteins between the apical and basolateral domains of the plasma membrane. We have initiated studies to investigate whether the spectrin-based membrane skeleton plays a role in the establishment and maintenance of these membrane domains. MDCK cells express an isoform of spectrin composed of two subunits, Mr 240,000 (~t-subunit) and Mr 235,000 (~-subunit). This isoform is immunologically and structurally related to fodrin in lens and brain cells, which is a functional and structural analog of ~tl3-spectrin, the major component of the erythrocyte membrane skeleton. Analysis of fodrin in MDCK cells by immunoblotting, immunofluorescence, and metabolic labeling revealed significant changes in the biophysical properties, subcellular distribution, steadystate levels, and turnover of the protein during development of a continuous monolayer of cells. The changes in the cellular organization of fodrin did not appear to coincide with the distributions of microfilarnents, microtubules, or intermediate filaments. These changes result in the formation of a highly insoluble, relatively dense and stable layer of fodrin which appears to be localized to the cell periphery and predominantly in the region of the basolateral plasma membrane of MDCK cells in continuous monolayers. The formation of this structure coincides temporally and spatially with extensive cell-cell contact, and with the development of the polarized distribution of the Na ÷, K÷-ATPase, a marker protein of the basolateral plasma membrane.
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M
ANY differentiated cells have a polarized organization characterized by the regionalization of proteins into discrete domains on the plasma membrane. Cells of transporting epithelia exhibit both structural and functional polarity, which is reflected in the asymmetric distribution of enzymes and transport activities between the apical and basolateral domains of the plasma membrane (17, 18, 32, 61, 83, 90) . The establishment and maintenance of this polarity is critical to the function of these cells as selective permeability barriers.
Recently, there has been significant progress in dissecting the pathway(s) of protein targeting to the plasma membrane of polarized epithelial cells, which has increased our understanding of how membrane domains are established (56, 60, 75, 79 ; for reviews see references 81 and 86). However, little is known about the mechanism(s) involved in maintaining the asymmetric distribution of proteins upon establishment of different membrane domains. While membrane proteins are, in general, capable of lateral diffusion in the plane of the lipid bilayer (reviewed in reference 58), the extensive molecular and functional order in the plasma membrane of polarized epithelial cells indicates the presence of mechanisms to prevent proteins of different domains from mixing. Such constraints to the lateral diffusion of proteins in the membrane may be brought about passively by physical barriers such as the tight junction (zonula occludens) (25, 31, 52, 57, 72, 76, 84) , which delineates the border between the apical and basolateral domains of the plasma membrane (19, 31, 32, 34, 59) . Alternatively, long-range protein-protein interactions between integral membrane proteins and structural proteins in the subcortical cytoplasm may actively prevent mixing of membrane proteins through the formation of topographically fixed higher-ordered structures on the membrane. Such higher-ordered structures have been extensively characterized in the erythrocyte (for reviews, see references 5, 15, and 20) . Studies have shown that an elaborate cytoplasmic lattice of proteins (the membrane skeleton), comprised mostly of actin and spectrin (53) , is attached to integral membrane proteins through specific protein interactions between spectrin-ankyrin-the anion channel protein (7) (8) (9) 89) , and spectrin-band 4.1-glycophorin (1, 2) . These interactions provide tensile strength to the membrane (reviewed in references 5, 15, and 20) and result in the immobilization of the integral membrane proteins in the plane of the lipid bilayer (23, 30, 85) . Recently, functional and structural analogs of spectrin (termed fodrin), ankyrin, and band 4.1 have been described and characterized in a variety of nonerythroid cells (reviewed in references 5, 10, 16, 29, 30, and 68) . Although the function(s) of these analogs in nonerythroid cell organization is poorly understood, it may be significant that their distribution on the membrane of neurons (3, 21, 46, 47, 67) , skeletal muscle (65) , and other cells (22, 29, 51, 69, 73, 77) is nonrandom, suggesting that these proteins may play a role in establishing and maintaining membrane domains in differentiated cells (68) .
We have initiated a study of the role of fodrin in cell organization using Madin-Darby Canine Kidney (MDCK) 1 cells as a model system of functionally and structurally polarized epithelial cells in culture (17, 18, 32, 61, 83, 90) . Our results show that there are dramatic changes in the regulation of fodrin assembly, subcellular distribution and interaction with the membrane during the development of polarity in cultures of MDCK cells. Furthermore, these changes in the organization of the fodrin-based membrane skeleton coincide temporally and spatially with the development of the polarized distribution of the Na ÷, K+-ATPase, a marker of the basolateral domain of the plasma membrane.
Materials and Methods

Cells
MDCK cells were purchased from the American Type Culture Collection (Rockville, MD) (55) . The original stock of MDCK cells (passage #53) was expanded in culture to approximately passage #58, and aliquots were frozen and stored in liquid nitrogen. One aliquot was thawed and cloned by limiting dilution in 96-well plates. Single cell clones were expanded by serial passage, and frozen and stored in liquid nitrogen (approximate passage #162). Clone 8 was used in all subsequent experiments. This clone exhibits morphological and functional polarity characteristic of these cells. (a) The cells exhibit morphological polarity characterized by the presence of microvilli on the apical membrane, zonula occludens at the apex of the lateral membranes, and zonula adherens and numerous desmosomes on the lateral membrane (see Fig. 1 ). (b) The cells form fluid-filled cysts in suspension culture with apical membranes on the outside (data not shown; see reference 82) , and form fluid-filled cysts with the reverse polarity in a collagen matrix (data not shown); on solid or permeable substrata, the cells form discrete colonies which coalesce to form a confluent monolayer of cells in which there are no cell divisions (see Fig. 1 ). (c) The cells exhibit a functional response to hormones and compounds that elevate intracellular cAMP levels which is characterized by the formation of domes (data not shown; see reference 90). And (d) the cells exhibit a polarity in the distribution of membrane proteins as characterized by the asymmetric distribution of the Na +, K+-ATPase on the basolateral membrane (see Fig. 10 ).
For experimentation, cells were grown on collagen-coated 0.45-1xm nitrocellulose filters (Millipore/Continental Water Systems, Bedford, MA) or collagen-coated plastic petri dishes in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum at 37°C in a 5% CO2 in air, humidified atmosphere; collagen was prepared from rat tails as described previously (70) . Aliquots of clone 8 were used for 4 wk and then replaced with a new replicate vial of cells from the liquid nitrogen bank. Cells were maintained at low density, subcultured by trypsinization with a solution containing 0.04% (wt/vol) trypsin and 3 mM EDTA, and platexi at a density of 1 x 104-1.5 x 104 cells/cm 2 to produce a culture of single, well-spread cells after 12 h. After 72-96 h cultures of 20-cell colonies were produced, and after ,'~144 h a confluent monolayer of cells was formed (see Fig. 1 ). The culture media was changed routinely every 48 h, and 6-12 h before an experiment. The amount of DNA in the culture was determined by the method described by Labarca and Paigen (42) using a Perkin-Elmer PE-3 fluorimeter; lambda DNA was used as a standard.
1. Abbreviations used in this paper: DTT, dithiothreitol; MDCK, MadinDarby canine kidney; MEM-Met, minimum essential medium without methionine and supplemented with 2.5% fetal bovine serum; PMSE pbenylmethylsulfonyl fluoride; Tris-saline, Tris-buffered saline.
Antibodies
Monospecific, polyclonal antisera have been raised in rabbits against tz-fodrin, "/-fodrin, actin, vimentin, cytokeratins 8 and 18, and the ct-and 13-subunits of the Na +, K+-ATPase. 0t-and y-fodrin and vimentin were isolated from calf lens membranes. Briefly, membranes were prepared by disrupting a decapsulated lens in 50 vol of a buffer containing 15 mM Tris-HCl, pH 7.5, 25 mM KC1, 2.5 mM MgCI2, 0.1 mM dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride (PMSF) (TKM buffer) with 10 strokes in an all-glass Dounce homogenizer; all operations were performed at 4°C. Membranes were collected by centrifugation at 16,000 g for 10 min. The membranes were resuspended in TKM buffer, homogenized, and centrifuged as above; this procedure was repeated twice.
For the isolation of fodrin, lens membranes were solubilized by boiling in a buffer comprising 2% (wt/vol) SDS, 10 mM Tris-HCl, pH 6.8, 0.5 mM DTT, 7.5% glycerol, 2 mM EDTA (SDS sample buffer), and the proteins were separated on an SDS/5 % polyacrylamide gel (43) . The gel was stained briefly with Coomassie Brilliant Blue, destained, and the bands corresponding to ¢t-and "y-fodrin, respectively, were excised from the polyacrylamide gel and equilibrated in 15 mM sodium phosphate buffer, pH 7.2, 120 mM NaC1 (PBS).
Vimentin was extracted from lens membranes with a solution containing 10 mM Tris-HCl, pH 8, 1 mM EGTA, and 6 mM 2-mereaptoethanol. The extract was concentrated by (NH,)2SO4 precipitation at 25 % saturation and vimentin was purified by affinity chromatography on single-stranded DNA cellulose as described (63) .
Actin was partially purified from porcine stomach smooth muscle as described (24) ; the final purification step was SDS PAGE as described above.
Cytokeratins were isolated from desmosomes of bovine muzzle as described (62) . The cytokeratins with relative molecular masses (Mr's) of 58,000 and 52,000 were purified by SDS PAGE as described above.
The Na +, K+-ATPase was purified from canine kidney outer medulla as described by Jergensen (36) . The purified enzyme comprised two subunits, the catalytic ¢t-subunit (Mr ~100,000) and a glycosylated 13-subunit (Mr ".,60,000). The subunits were purified by SDS PAGE (see above).
The gel slices containing each protein were homogenized in PBS, and the resulting fine gel suspension was emulsified with an equal volume of Freund's complete adjuvant. New Zealand white rabbits were injected subcutaneously with each immunogen at multiple sites along the back. Each rabbit received initially "~50-75 ~tg antigen, and "~35-50 Ixg for the booster injections using Freund's incomplete adjuvant which were given subsequently at 3-wk intervals. Blood was collected before the first injection (preimmune serum), and then 1 wk after each booster injection; bleeds after the third or fourth booster injection were used. The IgG fraction of the antisera was precipitated with (NH4)2SO4 at 50% saturation. Antiserum raised against bovine brain tubulin was purchased from Cappel Laboratories (Cochranville, PA).
Immunoblotting
Proteins were transferred electrophoretically from SDS polyacrylamide gels to nitrocellulose filters by a modification of the method described by Towbin et al. (88) . Briefly, proteins were transferred for 4 h at 0.25 A constant current in a buffer comprised of 20 mM Tris-acetate, pH 8.3, 0.1% (wt/vol) SDS, 20% (vol/vol) isopropanol. Filters were washed sequentially at room temperature in 50% (vol/vol) isopropanol (30 min); 15 mM Tris-HC1, pH 7.5, 120 mM NaCI, 5 mM NAN3, 1 mM EDTA, 0.1% (vol/vol) Tween 20 (30 min); and 15 mM Tris-HCl, pH 7.5, 120 mM NaC1, 5 mM NAN3, 1 mM EDTA, 0.1% (vol/vol) Tween 20, 0.1% (wt/vol) gelatin (gelatin wash buffer; overnight incubation at 30°C). Filters were incubated with a 1:1,000 dilution of the primary antiserum in gelatin wash buffer for 4 h, followed by 6-8 changes of gelatin wash buffer for "~3-4 h. Filters were then incubated with ]25I-protein A for 4 h. The lz~I-protein A was prepared as follows: 20 ~tg protein A (Miles Scientific Die., Naperville, IL) were incubated for 15 min at room temperature with 1 mCi J25I-Na (ICN K&K Laboratories, Inc., Plainview, NY) in a vol of 100 ~tl containing 10 mM Tris-HCl, pH 7.5, 1 mM EDTA, 120 mM NaCI in a polypropylene tube coated with 10 ~tg Iodogen (Pierce Chemical Co., Rockford, IL). 125I-labeled protein A was separated from free ~25I by gel filtration on a 5-mi column of Sephadex G-25 equilibrated in the same buffer containing, in addition, 10 mM 2-mercaptoethanol. The specific activity of the 125I-protein A was ",,10 IxCi/Ixg protein A. After incubation with ~25I-protein A, filters were washed with 6-8 changes of gelatin wash buffer for 3-4 h, dried and exposed at -80°C to XAR-5 x-ray film preflashed to an absorbance of "~0.15 at 514 nm (45) . For quantitation, the resulting autoradiograms were analyzed with a Beckman DU-7 spectrophotometer equipped with a scanning densitometer; alter-natively, the areas of the filter corresponding to the proteins of interest were excised and the amount of 2251 determined directly in a "/-counter. A fivefold range of protein concentrations were analyzed with each antisera to determine that the amount of protein in each sample was within the linear range of detection by immunoblotting.
Metabolic Labeling and Immunoprecipitation
Cultures of MDCK cells were rinsed twice with minimum essential medium without methionine and supplemented with 2.5% fetal bovine serum that had been dialyzed extensively against PBS (MEM-Met). The cells were preincubated in 3 ml MEM-Met for 15 min at 37°C. The medium was discarded, and the cells were incubated at 37°C for 15 min in 500 gl MEM-Met containing 120 ~tCi [35S]methionine (New England Nuclear, Boston, MA; ",,1,200 Ci/mmol). The radioactive medium was discarded, and the cells were rinsed twice in Dulbecco's modified Eagle's medium/fetal bovine serum containing 2 mM methionine (chase medium). The cells were incubated at 37°C in 3 ml chase medium for different periods of time. At given times, the cells were placed on ice and rinsed twice with ice cold buffer conraining 15 mM Tris-HCl, pH 7.5, 120 mM NaCl, 1 mM PMSF (Tris-saline). At 4°C, the cells were scraped from the petri dish in 1 ml Tris-saline using a rubber policeman, and pelleted at 12,000 g for 5 rain. The cells were solubilized in 100 I.tl buffer containing 1% (wt/vol) SDS, 5 mM EDTA, 2 mM EGTA, 0.1 mM DTT, 1 mM PMSF, 10 mM Tris-HCl, pH 7.5 by boiling for 3 min. The samples were diluted 1:10 with a buffer containing 15 mM Tris-HCl, pH Z5, 5 mM EDTA, 2 mM EGTA, 1% (vol/vol) Triton X-100, 1% (wt/vol) Na-deoxycholate, 0.1% (wt/vol) SDS, 120 mM NaC1, 25 mM KCI, 0.1 mM DTT (HS buffer), and centrifuged at 48,000 g for 10 min. The supernatants were transferred to clean tubes and precleared by incubation for 45 min in the presence of 10 gl preimmune serum and 50 ~tl of a 10% suspension of formalin-fixed protein A-bearing Staphylococcus aureus (Calbiochem-Behring Corp., La JoUa, CA). After centrifugation at 12,000 g for 5 rain, the supernatants were transferred to clean tubes, and 4 I.tl ct-fodrin or 10 gl ~/-fodrin antisera was added. The samples were turned end-overend overnight at 4°C. Immune-complexes were isolated by the addition of 20 Ixl of a l:l suspension of protein A-Sepharose 4B beads (Pharmacia Fine Chemicals, Piscataway, NJ) in HS buffer for 2 h. The heads were pelleted at 12,000 g for 1 min and resuspended by vortexing in 900 Ixl HS buffer. The suspension was underlayered with 200 I.d of a solution of 1 M sucrose in HS buffer and recentrifuged as above. This procedure was repeated three times. The immunoprecipitates were removed from the beads by boiling for 3 min in 60 gl SDS sample buffer. The suspension was applied to an SDS/5 % polyacrylamide gel. After electrophoresis, the gel was fixed overnight in a solution containing 50% ethanol and 10% acetic acid. The gels were soaked in dimethyl sulfoxide (two changes of 30 min each), then in a solution of 20% (wt/vol) 2,5-diphenyloxazol in dimethyl sulfoxide for 3 h, and finally washed in dH20 for 60 min (13). The gel was dried under vacuum, and exposed at -80°C to XAR-5 x-ray film preflashed to an absorbance of ",'0.15 at 514 nm (61) . The resulting fluorograms are analyzed with a Beckman DU-7 spectrophotometer equipped with a scanning densitometer.
Solubility Properties of Spectrin and Vimentin from
MDCK Cells and Canine Lens Plasma Membranes
Cultures of MDCK cells comprising either single cells, 20-cell colonies, or confluent monolayers (see above) were rinsed twice with ice-cold Trissaline. Canine lens plasma membranes from two decapsulated lenses (see above) were washed with Tris-saline and divided into seven equal parts. The aliquots were centrifuged at 16,000 g for 10 min and the supernatant was discarded. All subsequent operations were performed at 0--4°C. Cells and lens membranes were incubated for 30 min on ice in the following solutions: (a) 0.1 N NaOH; (b) 0.1 mM Tris-HC1, pH 7.5, 0.1 mM EGTA, 0.1 mM EDTA, 1 mM PMSF; (c) 10 mM Tris-HCl, pH 7.5, 5 mM EGTA, 5 mM EDTA, 1 mM PMSF (Buffer A) containing 6 M urea; (d) Buffer A containing 25 mM KCI, 120 mM NaCI, 0.1 mM DTT, 0.5% (vol/vol) Triton X-100; (e) Buffer A containing 1 M KCI, 0.1 mM DTT, 0.5 % (vol/vol) Triton X-100; and (f) Buffer A containing 2 mM diamide, 0.5% (vol/vol) Triton X-100 (two aliquots). Subsequently, the diamide-treated insoluble material was extracted for 30 min on ice with Buffer A containing 6 M urea in the presence or absence of 20 mM DTT. Cells were incubated in petri dishes on a rocking platform, and the lens membranes were vortexed occasionally. At the end of the incubation period, the cells were scraped from the petri dishes in extraction buffer with a rubber policeman. All samples were centrifuged at 16,000 g for 10 min. The resulting supernatants were dialyzed against Buffer A and lyophilized; supernatants containing Triton X-100 were first incubated with SM-2 Biobeads (Bio-Rad Laboratories, Richmond, CA) for 2 h at 4°C. Lyophilized supernatants and the extraction residues were solubilized by boiling for 3 min in equal volumes of SDS sample buffer, and analyzed by SDS PAGE followed by immunoblotting with specific antisera.
Immunofluorescence
MDCK cells were grown on collagen-coated glass coverslips. For indirect immunofluorescence microscopy, the cells were rinsed in PBS and processed as follows.
Apical Surface Staining (Confluent Monolayers Only)
. Cells were fixed with 1.75 % (wt/vol) formaldehyde in PBS for 10 rain at room temperarare. The tight junctions that surround the apical surface prevent antibodies from reaching the basolateral surface (74) .
Apical and Basolaterai Surface Staining. Cells were incubated for 2-5 min at 37°C in a buffer containing 2 mM EGTA in PBS, and then fixed with 1.75 % (wt/vol) formaldehyde in PBS. Under these conditions, the tight junctions are separated and the basolateral surface is accessible to the antibodies (74) .
lntracellular Staining. Cells were fixed with 1.75% (wt/vol)formaldehyde in PBS, washed in PBS for 10 min, and then permeabilized with PBS containing 0.5% (vol/vol) Triton X-100, 2 mM MgCIE for 2-15 min at room temperature. Subsequently, all samples were treated identically. Cells were incubated in a 1:10-1:100 dilution of preimmune or specific antisera in PBS for 30 rain at 37°C in a humidified atmosphere. The cells were washed extensively with PBS, and then incubated in a 1:150 dilution of afffinity-purified goat anti-rabbit IgG conjugated with rhodamine (Boehringer Mannheim Biochemicals, Indianapolis, IN) in PBS for 30 min at 37°C in a humidified atmosphere. After extensive washing in PBS, coverslips were mounted in Elvanol (80) and viewed with a 63 × objective using a Zeiss Universal Microscope equipped with epifluorescence illumination, and photographed on Tri-X Pan film.
Electron Microscopy
MDCK cells were grown on collagen-and carbon-coated coverslips. Cells were fixed in a solution containing 1.25% glutaraldehyde, 1% OsO4 in 50 mM Pipes, pH 7.2, for 5 min at room temperature. The cells were washed twice in 50 mM Pipes, pH 7.2 (5 min each), and dehydrated sequentially for 5 min each in 60% ethanol; 2% uranyl acetate in 60% ethanol; 80% ethanol; twice in 95% ethanol; five times in 100% ethanol; twice in 100% propylene oxide. The cells were embedded in Epon-Araldite. Silver sections were cut using an LKB ultramicrotome (LKB Instruments, Inc., Gaithersburg, MD), stained in uranyl acetate/lead citrate, and viewed in a Philips 420 transmission electron microscope operated at 80 kV.
Results
Morphology of MDCK Cells in Cultures of Single Cells, Small Colonies, and Confluent Monolayers
MDCK cells were analyzed at three stages during the development of a continuous monolayer culture by phase-contrast and transmission electron microscopy. These stages, singlecell ( MDCK cells in a continuous monolayer exhibit little or no cell division (Fig. 1 F) . The cells appear relatively columnal in lateral view, and exhibit a high degree of cell-cell contact and membrane differentiation (Fig. 1 G) . The lateral membranes exhibit zonula occludens at the boundary of the apical and basolateral membranes, zonula adherans below the zonula occludens, and numerous desmosomes (Fig. 1 F) . Sections cut parallel to the substratum reveal that the cells are tightly packed together with little evidence of an intercellular space between adjacent cells (data not shown).
Characterization of Antibodies
Previous studies of mammalian and avian lens have shown that fodrin is a major component of isolated membranes. Lens fodrin is composed of two subunits termed ¢t-fodrin (Mr 240,000) and ~,-fodrin (Mr 235,000) (28-30, 49, 66) that are structurally and biochemically related to the subunits of the major isoform of fodrin found in brain (6, 29, 30, 50) . The ct-and "t-subunits of bovine lens fodrin were purified and used as immunogens. Immunoblotting of bovine lens membrane proteins and total MDCK cell proteins revealed that the antisera raised against ct-fodrin reacts with a single protein, Mr 240,000 (Figs. 2 A [a] and 3) , and that the antiserum raised against ~/-fodrin reacts also with a single polypep- The Na +, K+-ATPase was purified from canine kidney by the method described by J0rgensen (36) . The ~t-subunit (Mr 100,000; lane 1 ) and 13-subunit (Mr ,-o60,000; lane 2) were separated and finally purified by SDS PAGE and used as immunogens. The resulting antisera were tested for specificity by immunoblotting; lanes I and 2 show a Coomassie Blue-stained gel of the purified subunits and lanes [3] [4] [5] [6] are the corresponding autoradiograms after immunoblotting with antiserum to the ~t-subunit (lanes 3 and 4) and 13-subunit (lanes 5 and 6). Immunoblotting was also performed on SDS extracts of whole MDCK cells (lane 7) to show the specificity of the a-(lane 8) and 13-subunit (lane 9) antisera. Lane m, relative molecular mass markers as in A.
tide, Mr 235,000 (data not shown; see Fig. 3 ). High stringency immunoprecipitation of [35S]methionine-labeled proteins from MDCK cells shows that ct-fodrin and )'-fodrin are immunoprecipitated specifically with antiserum raised against the corresponding subunit from lens membranes (Fig. 3) . However, low stringency immunoprecipitation of [35S]methionine-labeled MDCK proteins solubilized with Triton X-100 shows that an equimolar complex of ct-and 7-fodrin is immunoprecipitated with either antisera (Fig. 3 , lane 8, shows the co-immunoprecipitation of ct-and ),-fodrin with a-fodrin antiserum). The co-immunoprecipitation of ct-and ,/-fodrin under these conditions may be the result of either the reassociation of subunits during the course of incubation with the antisera, or the immunoprecipitation of a preexisting complex that was solubilized in Triton X-100.
Actin was purified from porcine stomach smooth muscle ( Fig. 2 A [b] ). Immunoblotting of the actin-enriched fraction of smooth muscle (24) and MDCK cell proteins shows that the actin antiserum reacts specifically with actin (Mr 42,000) (Figs. 2 and 3) .
Vimentin was extracted from bovine lens membranes and purified by single-stranded DNA-cellulose affinity chromatography (Fig. 2 A [c] ). Immunoblotting of lens membrane proteins and MDCK cell proteins shows that the antiserum reacts specifically with vimentin (Mr 58,000) (Figs. 2 and 3 ).
Cytokeratins were purified from a preparation of bovine desmosomes (Fig. 2 A [d and e] ). Antisera were raised against the proteins of Mr 53,000 and Mr 58,000, respectively (Fig. 2, d and e) . Immunoblotting of MDCK cell proteins with a mixture of the antisera revealed reactivity with two proteins Mr 54,000 and Mr 52,000 characterized previously as cytokeratins 8 and 18 (for details, see reference 11) (Figs. 2 and 3) .
The Na ÷, K+-ATPase was purified from canine kidney outer medulla as described (36) . The purified enzyme is composed of two subunits (¢t-, Mr 100,000; 13-, Mr ,060,000) as shown previously (36) . The subunits were purified by SDS PAGE (Fig. 2 B, lanes I and 2) and used as immunogens for the preparation of subunit-specific antisera (Fig. 2 B, lanes   3-6) . Immunoblotting of an SDS extract of whole MDCK cells (Fig. 2 B, lane 7) shows that the ¢t-subunit antiserum reacts specifically with a polypeptide of apparent Mr 100,000 (Fig. 2 B, lane 8) . The antiserum raised against the ~-subunit reacts with a relatively diffuse band corresponding to a protein with an apparent Mr `060,000 (Fig. 2 B, lane 9) .
Solubility Properties of Fodrin and Vimentin in MDCK Cells during Development of a Continuous Monolayer: Comparison with Canine Lens Membranes
The solubility properties of fodrin from canine lens membranes was analyzed in order to provide a basis for interpreting the results of fodrin extraction from MDCK cells. Purified lens membranes were subjected to a variety of extraction procedures. The resulting extracts and residues from equivalent amounts of starting material were separated by one-dimensional SDS PAGE (Fig. 4 A) , and the gels were processed for immunoblotting with a-fodrin antiserum ( Fig.  4 b) ; the amount of protein loaded was in the linear range for detection of ct-fodrin by immunoblotting (see Fig. 9 A) . The partitioning of fodrin between the soluble (e) and insoluble (r) membrane fractions was quantified by three independent methods: (a) from densitometric scans of the Coomas- Fig.  4 C. It should be noted that g-fodrin has solubility properties identical to those of tt-fodrin (see Fig. 4 A) ; the data from the analysis of ct-fodrin is presented.
Fodrin is quantitatively extracted from lens membranes with alkaline solutions and high concentrations of urea (Fig.  4, lanes a and c, respectively) . Extraction at 0°C with a buffer of low ionic strength containing divalent cation chelators results in the extraction of •30% of fodrin (Fig. 4, lane  b) ; the relative insolubility of mammalian lens fodrin under these extraction conditions is similar to that of avian erythrocyte spectrin (78) and lens fodrin (66) . Extraction of lens membranes with a solution containing 0.5% Triton X-100 and 150 mM salt (NaC1 + KC1) results in >90% of the fodrin remaining insoluble (Fig. 4, lane d) . However, extraction in the presence of 1 M KC1 results in the solubilization of *50% of the fodrin (Fig. 4, lane e) . To analyze the effect of cross-linking on the extractability of fodrin, lens membranes were treated with 2 mM diamide, a thiol oxidizer, for 30 min at 0°C, and then extracted with 6 M urea in the absence (Fig. 4, lane f) or presence of 20 mM DTT (Fig. 4,  lane g ). The results show that pretreatment with diamide causes >90% of the fodrin to remain insoluble in urea, but that the inclusion of the thiol-reducing agent DTT completely reverses this effect.
Cultures of single MDCK cells and continuous monolayers of MDCK cells were extracted with solutions identical to those used above. Cells were extracted on the petri dish in order to maintain the native subcellular distribution and conformation of the protein with respect to cell-substratum and cell-cell contact. After extraction, the residues and extracts were subjected to SDS/5 % PAGE and immunoblotting with a-fodrin antiserum. The relative amount of t~-fodrin in the soluble and insoluble cell fractions was determined from densitometric scans of the autoradiogram and plotted in the form of histograms (Fig. 5) . Fodrin in single cell and confluent monolayer cultures is soluble in solutions of high pH (Fig. 5, A and B, lane a) but relatively resistant to extraction with buffers of low ionic strength (Fig. 5, A and B, lane b). These solubility properties are similar to those of lens fodrin (see Fig. 4 ). However, in contrast to lens fodrin, 25-35 % of fodrin in all types of cultures of MDCK cells is resistant to extraction in the presence of 6 M urea (Fig. 5,  A and B, lane c) . A significant difference in the solubility properties of fodrin was found between single cells and continuous monolayers upon extraction with solutions containing Triton X-100. In single cells, fodrin is relatively soluble ('~50%) in the presence of Triton X-100 and either low or high salt concentrations (Fig. 5 A, lanes d and e, respectively) . In contrast, >90% of fodrin in continuous monolayers of cells is insoluble under the same conditions of extraction (Fig. 5 B, lanes d and e) . In addition, a significant difference in the extractability of fodrin was detected between single cells and continuous monolayers following oxidative cross-linking; >75 % of fodrin in continuous monolayers can be oxidatively cross-linked (Fig. 5 B, lane f) compared with <35 % of fodrin in single cells (Fig. 5 A, lane  f) . In both cases, cross-linking can be reversed by inclusion of DTT in the extraction buffer containing urea (Fig. 5, A and B, lanes g).
To provide a control, in addition to lens membranes, we analyzed the extractability of vimentin from different cultures of MDCK cells (Fig. 6, A and B) . In all cases, vimentin is extracted quantitatively with buffers of high pH and high concentrations of urea (Fig. 6, A and B, lanes a and c, respectively), but is insoluble in solutions containing Triton X-100 and either low or high salt concentrations (Fig. 6, A and B,  lanes d and e, respectively) . In addition, oxidative crosslinking with diamide has little or no effect on the extractabil- 
Organization of Fodrin, Actin, and Intermediate Filament Proteins during Development of a Continuous Monolayer of MDCK Cells
The distribution of fodrin, actin, and intermediate filament proteins in single MDCK cells, small colonies of cells, and confluent monolayers of cells (see Fig. 1 ) was analyzed by indirect immunofluorescence (Fig. 7 ). Cells were fixed and permeabilized as described previously (64); similar results to those shown here were obtained following fixation and then permeabilization with a range of Triton X-100 concentration (0.1%-1.0%), or following permeabilization and then fixation, or fixation/permeabilization in 100% methanol at -20°C (data not shown).
In single cells, ct-fodrin antiserum stains the cytoplasmic surface of the plasma membrane (Fig. 7 A) . Immunofluorescence with preimmune serum (Fig. 7 F) or with antiserum on cells which had not been permeabilized (data not shown) gave little or no staining. Indirect immunofluorescence with a-fodrin antibodies of small colonies of '~10-25 cells revealed extensive staining in the center of each cell similar to that observed in single cells. In addition, however, occasional staining of the membrane in the region of cell-cell contact is apparent (Fig. 7 , B and C). In addition, by focusing on the region of cell-substratum interaction, staining of the basal membrane is apparent (data not shown). At the time when individual colonies begin to coalesce to form a continuous monolayer ('~day 5 after plating single cells), there is a dramatic change in the subcellular distribution of spectrin. The cells no longer exhibit uniform staining of the membrane, but instead show intense staining at the periphery of adjacent cells (Fig. 7, D and E) . Focusing on the apical surfaces of the monolayer reveals staining of the cell periphery but relatively little or no staining at the center of the cells at the plane of the apical membranes (Fig. 7 D) . However, analysis at a focal plane close to the substratum (Fig. 7 E ) reveals staining at both the cell periphery and in the center of the cells. This asymmetric distribution of a-fodrin is maintained in continuous monolayers of MDCK cells that have been confluent for 7 d (data not shown). Immunofluorescence analysis of confluent monolayers of MDCK cells with ~,-fodrin antisera revealed a distribution of this subunit similar to that of ¢t-fodrin (data not shown). Indirect immunofluorescence with actin antiserum was also performed on MDCK cells during development of a continuous monolayer (Fig. 7, G-K) . In single cells, stress fibers are stained intensely with the actin antiserum (Fig. 7  G) . The stress fibers traverse the cell from end-to-end and are present, to a lesser degree, at the cell boundary (Fig. 7  G) . Analysis of pairs of MDCK cells (presumably daughter cells; Fig. 7 h' ) and small colonies of cells (Fig. 7, H and I ) revealed an intense staining of the lateral membranes of adjacent cells; the stained material did not appear to be composed of stress fibers. In continuous monolayers of MDCK cells, actin staining is almost exclusively limited to the lateral membrane (Fig. 7 J) . Few stress fibers are observed. The overall speckled staining in the center of each cell appears to be localized to the apical membrane and, presumably, to the numerous microvilli (Fig. 1) .
In contrast to the dramatic changes in the subcellular distribution of fodrin and actin observed during the development of a continuous monolayer of MDCK cells, immunofluorescence with antisera to vimentin (Fig. 7 , L-P) and cytokeratins (Fig. 7, Q-T) revealed little or no change in the distribution of these intermediate filament proteins. Single cells, small colonies of cells, and cells in continuous monolayers exhibit a similar cytoplasmic distribution of vimentin filaments. In particular, vimentin filaments are not organized close to the plasma membrane in single cells (Fig.  7 L) , or in cells which exhibit extensive cell-cell contact (Fig. 7, N and O) . Immunofluorescence with cytokeratin antisera revealed a distribution of this intermediate filament network that is more closely associated with the plasma membrane than that of vimentin. This association is evident in small colonies of cells in which desmosomes are present (Fig. 7 R; Fig. 1 ), and does not change significantly during the formation of a continuous monolayer of cells (Fig. 7 S) . tins (Q-S), or preimmune serum (F, u-fodrin; K, actin; P, vimentin; T, cytokeratins), followed by afffinity-purified, rhodamine-labeled goat anti-rabbit IgG. Antisera were diluted 1:10 (cytokeratin, ct-fodrin) or 1:100 (actin, vimentin). Coverslips were mounted in Elvanol, and the cells viewed in a Zeiss Universal Microscope equipped for epifluorescence. Bar, 20 ~tm.
Turnover of Newly Synthesized Fodrin during Development of a Continuous Monolayer of MDCK Cells
To analyze the stability of newly synthesized fodrin during development of a continuous monolayer, cultures of MDCK cells at different densities were pulse-labeled with [35S]methionine for 15 min, and then incubated for up to 17 h in a >10,000-fold excess of unlabeled methionine (chase period). Newly synthesized ct-and y-fodrin were detected by immunoprecipitation and fluorography (see Fig. 3, lanes 6 and  7) . The relative amounts of [35S]methionine-labeled fodrin subunits, after different periods of chase, were determined by scanning densitometry, and the results were subjected to regression analysis to determine the half-lives. The half-lives calculated for the fodrin subunits represent the range between three independent experiments. Fig. 8 shows the analysis of ct-fodrin from one of these experiments; similar results were obtained for y-fodrin (data not shown). A dramatic difference in the stability of newly synthesized fodrin subunits was found between single cells and cells in a continuous monolayer. In single cells, the half-lives of ct-and y-fodrin were calculated to be 12-16 h. In subconfluent cultures of cells, comprising colonies of 50-100 cells (day 4), the half-lives of the fodrin subunits were ~30-36 h. However, in cultures of MDCK cells that had just become confluent (day 6), the half-lives of the fodrin subunits were calculated to be >70 h.
Accumulation of Fodrin at Steady State during Development of a Continuous Monolayer of MDCK Cells
The results described above demonstrate a dramatic decrease in the rate of turnover of newly synthesized fodrin during growth of MDCK cell cultures from single cells to confluent methionine for 15 rain at 37°C (pulse) and then incubated in >10,000-fold excess of unlabeled methionine for different periods of time (chase). Cells were scraped from the petri dish and processed for immunoprecipitation with ~t-fodrin antiserum, followed by SDS PAGE and fluorography. The relative amount of l~sS]methionine-labeled ct-fodrin was determined from densitometric scans of the resulting fluorograms and plotted against the time of chase using regression analysis; the rate of turnover of newly synthesized ct-fodrin was calculated by regression analysis.
Nelson and Veshnock Membrane-Skeleton Organization in MDCK Cells
monolayers of cells. To determine whether this increasing stability of fodrin is reflected in changes in the steady-state level of the protein, MDCK cells were analyzed by immunoblotting with ~x-fodrin antiserum during the formation of a continuous monolayer; the amount of protein analyzed at each stage in the growth of replicate cultures was normalized to the DNA concentration. Fig. 9 A shows that the amount of protein analyzed was within the linear range for quantitation of ¢t-fodrin by immunoblotting. The analysis by immunoblotting was standardized with different amounts of total MDCK protein, rather than with pure fodrin, to ensure that the detection of fodrin was within the linear range in a complex mixture of proteins that would be used for the analysis of fodrin levels in MDCK cells during the development of a continuous monolayer. The analysis of the steady-state levels of fodrin revealed a dramatic accumulation of fodrin during the growth of MDCK cell cultures (Fig. 9 B) . The rate of fodrin accumulation, however, does not appear to be constant during the development of a continuous monolayer. Instead, the period of accumulation is limited to the time between days 3-7 when individual colonies of MDCK cells coalesce to form a continuous monolayer (see Fig. 1 ). Rapidly dividing cells (days 1-3) exhibit relatively constant steady-state levels of fodrin. Similarly, cells in a continuous monolayer (day 7 onwards) exhibit little or no change in the amount of fodrin accumulated between days 3 and 7.
Development of Polarity in the Distribution of the Na ÷, K÷-ATPase in Cultures of MDCK Cells
Indirect immunofluorescence was performed on MDCK cells at different stages of development of a continuous monolayer; a combination of a-and [~-subunit-specific antisera was used (Fig. 10) . Single MDCK cells exhibit a uniform staining of the membrane either after fixation and permeabilization ( Fig. 10 A) or fixation alone (data not shown).
Immunofluorescence of small colonies of cells (4-20 cells) also revealed a predominantly uniform staining of the plasma membrane with antisera to the Na ÷, K+-ATPase subunits (Fig. 10 B) . Occasionally, however, the lateral membranes of adjacent ceils exhibited intense staining (Fig. 10 B) . The proportion of cells exhibiting staining of the lateral membranes increased dramatically upon formation of a continuous monolayer. Monolayers of cells that had been processed for basolateral and apical surface staining or intracellular/ surface staining (see Materials and Methods) showed an almost exclusive localization of the Na +, K+-ATPase to the basolateral surface, and particularly the lateral membrane (Fig. 10, F and G) . Cells that had been processed for apical surface staining (see Materials and Methods) exhibit little or no fluorescence with Na ÷, K+-ATPase subunit antisera (Fig.  10 E) , similar to that obtained with the preimmune serum (Fig. 10 D) . Thus, these results demonstrate that the formation of a continuous monolayer of MDCK cells coincides with the development in the polarized organization of the Na ÷, K÷-ATPase onto the basolateral membrane.
Discussion
The differentiation of the plasma membrane into functionally and structurally distinct domains is characteristic of cells which exhibit a polarized organization. At present, the mechanisms regulating the formation of membrane domains are poorly understood. Clearly, there are two fundamental aspects of this problem; first, newly synthesized membrane proteins must be directed to the correct domain of the membrane; and second, upon arrival at the correct membrane, the lateral mobility of proteins must be restricted in order to maintain the functional and structural specificity of the membrane domain. Recent studies of the budding of enveloped RNA viruses from polarized MDCK cells have resulted in significant advances in our understanding of the pathways of protein targeting to different membrane domains (reviewed in references 81 and 86). Studies on the topogenesis of the envelope glycoproteins of influenza virus and vesicular stomatitis virus have shown that these proteins are sorted intracellularly and targeted directly either to the apical (hemagglutinin; influenza virus) or basolateral (G protein; vesicular stomatitis virus) domains of the plasma membrane (56, 60, 75, 79) . By comparison, little is known about the mechanism(s) involved in maintaining the asymmetric distribution of membrane proteins in these polarized cells. To address this important aspect of the regulation of membrane differentiation, we have sought to analyze the role of the membrane skeleton. In this study we have identified and characterized fodrin in MDCK cells, with the perspective that this protein, as in erythrocytes, may play an important role in membrane protein organization.
Analysis of total MDCK proteins by immunoblotting or high stringency immunoprecipitation with subunit-specific lens fodrin antisera revealed the presence of two immunologically distinct subunits, Mr 240,000 and M~ 235,000; these relative molecular masses are similar to those of ~t-and ~,-fodrin, respectively, determined previously in lens (49, 66) and brain (6, 46, 50; see also references 29 and 30). The Mr 240,000 subunit reacted specifically with antiserum raised against lens ct-fodrin, while the Mr 235,000 subunit reacted specifically with antiserum raised against lens "/-fodrin. That these subunits form a complex was demonstrated by the fact that low stringency immunoprecipitation of [35S]methionine-labeled proteins from MDCK cells with a-or "t-fodrin antiserum resulted in the isolation of a complex of these two subunits in a 1:1 molar ratio ( Fig. 2 and 3 ). This confirms previous studies which have shown that t~-and ~/-fodrin can be co-immunoprecipitated as an equimolar complex from extracts of myoblasts (64) , lens (66) , and neurons (47) . Together these results demonstrate that MDCK cells express an isoform of fodrin which has a subunit composition and stoichiometry similar to that of fodrin characterized previously from lens. We are currently purifying kidney fodrin to compare the physiochemical properties of kidney, lens, and brain fodrin directly.
Mammalian (txl3-) spectrin can be selectively extracted from erythrocyte plasma membranes by treatment with alkaline solutions (87) , low ionic strength solution containing EDTA (54) , and high concentrations of urea (38) . To characterize the solubility properties of mammalian at~,-fodrin, we analyzed fodrin from lens fiber cell membranes (Fig. 4) . Our results showed that lens fodrin has solubility properties similar to those of erythrocyte spectrin, with the exception that cty-fodrin was less readily extracted with buffers of low ionic strength (Fig. 4) ; this confirms the results of a previous comparative study of the solubility properties of avian erythrocyte spectrin and lens fodrin (66) . These results provided a basis for analyzing the solubility properties of ~t~/-fodrin from MDCK cells (Fig. 5) . The results showed that fodrin in a continuous monolayer has solubility properties similar to those of lens fodrin, whereas fodrin in single cells was more easily solubilized. In single cells, fodrin was relatively soluble in solutions containing Triton X-100 and either high or low salt concentrations, and in solutions containing 6 M urea after attempts to oxidatively cross-link the protein with diamide. However, fodrin in continuous monolayers of MDCK cells was almost completely insoluble under the same extraction conditions.
There are several possible explanations of the differences between the solubility properties of fodrin from single MDCK cells and confluent monolayers of cells. A trivial explanation is that the extraction buffers were unable to penetrate and equilibrate within confluent monolayers of ceils as efficiently as within single cells. However, identical results to those presented here were obtained using different volumes of buffer (up to 5 ml; data not shown) and times of incubation (10-60 min; data not shown). Furthermore, the solubility properties ofvimentin, a cytoplasmic filament protein, were shown to be identical in single and confluent monolayers of cells (Fig. 6) . Thus, these results indicate that the extraction buffers were able to equilibrate to the same degree within MDCK cells in single-cell and confluent cultures.
Alternatively, these differences may be due to a change in the disposition of fodrin on the membrane that occurs during the development of a continuous monolayer of MDCK cells. A change consistent with the dramatic increase in the insolubility of fodrin is the gradual formation of a dense meshwork of fodrin which is attached to the plasma membrane of MDCK cells, similar to that of the spectrin-based membrane skeleton of the erythrocyte. The formation of this protein meshwork on the membrane could be brought about by the reorganization and concentration of fodrin into a localized region of the membrane, or by the gradual accumulation of newly synthesized fodrin at steady state. Our analyses of the distribution and steady-state levels of fodrin indicate that both of these processes occur during the development of a continuous r~onolayer of MDCK cells.
Indirect immunofluorescence revealed that the distribution of fodrin appeared to undergo a dramatic change during development of a continuous monolayer of MDCK cells, from a random distribution on the plasma membrane of single cells to an apparent asymmetric distribution at the periphery of cells in regions of extensive cell-cell contact in continuous monolayers (Fig. 7) . Although our analysis of fodrin distribution in the enface view in cells in a continuous monolayer is subject to interpretation, we were able to analyze the distribution of fodrin at different focal planes due to the relative columnal form of MDCK cells in confluent monolayers (see Fig. 1 F) . Analysis at the apical surface (Fig. 7 D) revealed a ring of fodrin around each cell in association with the lateral membrane, but little or no staining in the center of the cell at the level of the apical plasma membrane. Analysis of fodrin fluorescence at the basal surface (Fig. 7 E) also revealed intense staining at the lateral membranes and, in addition, staining at the level of the basal plasma membrane. We interpret this staining pattern as evidence of a fodrin distribution that is predominantly basolateral, although we cannot rule out the possibility at present that a small fraction of fodrin remains associated with the apical membrane.
It may be significant that the appearance of this asymmetric distribution of fodrin was not induced immediately upon cell contact, since we found that colonies of up to ,040 cells exhibited little or no staining of the lateral membranes, compared with that in the cells in confluent monolayers (Fig.   7, A-D) . This is in contrast to actin, which was localized predominantly to the lateral membranes of adjacent cells in all sizes of cell colonies (Fig. 7, G-K; see also references 39 and 59). The change in fodrin distribution also contrasted with the distributions of intermediate filament proteins (vimentin and cytokeratin; Fig. 7 , L-P, and Q-T, respectively) and tubulin (data not shown) which underwent little or no change during the development of a continuous monolayer of cells (see also reference 11). These results indicate that the regulation of fodrin distribution on the membrane of MDCK cells is not coupled to that of actin, tubulin, or intermediate filament proteins. Thus, it appears that these proteins, at least initially, may play different roles in cell organization during the development of a continuous monolayer of MDCK cells. For instance, actin is a component of the zonula adherens, a junctional complex localized to the lateral membranes of adjacent cells which is involved in establishing cell-cell contact (reviewed in reference 26); and cytokeratin-containing intermediate filaments are thought to be involved in the organization of desmosomes (12, 35, 71) .
That fodrin accumulates at steady state during development of a continuous monolayer was demonstrated by immunoblotting (Fig. 9 ). An approximately fivefold increase, normalized to the DNA concentration of each petri dish, was detected. This increase occurred between days 3 and 7 of the growth of the cell culture. Rapidly dividing cells (days 1 and 3) and continuous monolayers of MDCK cells (>day 6) did not accumulate fodrin. The molecular basis for these differences in the rates of fodrin accumulation was provided by an analysis of the rate of turnover of newly synthesized fodrin (Fig. 8) . In single MDCK cells, which double in '~16 h (see Fig. 9 ), newly synthesized fodrin was degraded with an apparent t,~ of 12-16 h; as a consequence fodrin would not be expected to accumulate at steady state, as demonstrated by immunoblotting. However, the rate of turnover of newly synthesized fodrin in subconfluent cultures (day 4) is dramatically decreased (t,~ > 30 h) at a time when the amount of fodrin at steady state began to increase as detected by immunoblotting. Analysis of the rate of turnover of newly synthesized fodrin in a continuous monolayer of MDCK cells revealed a t,~ of >70 h. The relatively long half-life of fodrin in confluent cultures of MDCK cells, combined with a decline in the rate of fodrin synthesis upon formation of a continuous monolayer (data not shown), would be expected to result in the maintenance of levels of fodrin at steady state that were reached at the end of the period of fodrin accumulation, as demonstrated also by immunoblotting.
Taken together, these results strongly indicate a temporal and spatial relationship between the development of a continuous monolayer of MDCK cells and the increased insolubility, decreased turnover and concomitant accumulation, and redistribution of fodrin in these cells. We interpret these changes as evidence for the gradual formation of an insoluble, relatively dense and stable meshwork of fodrin that appears to be predominantly localized to the cytoplasmic surface of the basolateral plasma membrane domain in regions of extensive cell-cell contact of MDCK cells. What could be the function of this structure? At present, we have no direct evidence that fodrin is linked to integral membrane proteins, and hence plays a role in maintaining membrane domains. However, the solubility properties of fodrin in a continuous monolayer of MDCK cells are similar to those of spectrin in erythrocytes in which this linkage has been firmly established (reviewed in references 5, 15, and 20) . Furthermore, it may be significant that the formation of this structure coincides with the development of the polarized distribution of the Na ÷, K+-ATPase, a marker protein of the basolateral domain of the plasma membrane (Fig. 10) .
Analysis by immunofluorescence of the distribution of the Na ÷, K+-ATPase in a continuous monolayer of MDCK cells revealed an asymmetric distribution of the enzyme on the basolateral membrane (see also references 40, 41, 44, and 52). This polarized distribution of the Na ÷, K+-ATPase is functionally significant in cells of transporting epithelia in which the Na + fluxes generated by the enzyme across the cell drive the transcellular movement of ions and metabolites from the apical to the basolateral surfaces (reviewed in references 27 and 37). The development of cell surface polarity of the Na +, K+-ATPase was shown to be gradual during the growth of MDCK cultures, as has been shown recently for other basolateral membrane proteins (4, 33) , and coincided temporally and spatially with changes in the distribution of fodrin, but not with the distribution of actin, intermediate filaments, or microtubules.
That the development of cell surface polarity of the Na +, K+-ATPase and the reorganization of fodrin occurred in nearly confluent cultures of MDCK cells and not in small colonies of cells indicates that extensive cell-cell contact plays an important role in the development of the asymmetric distributions of these proteins. Indeed, our analysis by electron microscopy showed a clear difference in the degree of cell-cell contact between cells in small colonies and confluent monolayers (Fig. 1) . The significance of cell-cell contact in membrane differentiation of polarized epithelial cells has been noted previously, although in these cases emphasis was placed on the formation of the zonula occludens and the role of this junctional complex as a physical barrier to the lateral diffusion of proteins between the apical and basolateral domains of the membrane (25, 31, 52, 57, 72, 76, 84) . However, it may be significant that perturbations to the external surface of the membrane of erythroid (23, 28, 38, 85) and nonerythroid (14, 48, 51, 69, 73, 77) cells have been shown to have a dramatic effect on the distribution and degree of cross-linking of fodrin on the cytoplasmic surface of the plasma membrane (see also reference 58). Thus, extensive cell-cell contact between MDCK cells may play a role in modulating the physiochemical properties, stability, and distribution of the fodrin-based membrane skeleton, which in turn may cause the lateral mobility of membrane proteins attached to the membrane skeleton to be more restricted and hence result in the maintenance of membrane domains in these regions of the cell. Since the degree of cell-cell contact and the distribution of integral and peripheral membrane proteins can be modulated experimentally in cultures of MDCK cells, it will be possible to test different aspects of this hypothesis in detail.
Note Added in Proof" Immunofluorescence of sections of MDCK cells in continuous monolayers cut perpendicular to the substratum reveals ¢t-fodrin staining predominantly at the basolateral domain of the plasma membrane and little or no staining of the apical domain.
